The frequency and outcome of biotic interactions commonly vary with environmental conditions, 25 even absent changes to community composition. Yet the drivers of such environmentally-26 mediated change in biotic interactions are poorly understood, limiting our ability to predict how 27 environmental change will impact communities. Studying nectar robbery by stingless bees 28
Introduction 46
Understanding the effects of anthropogenic environmental change on biotic communities 47 and ecosystem function is a key challenge for ecologists. Anthropogenic environmental change 48 is resulting in striking biodiversity loss at a global scale (Matzke et al. 2011 , Dirzo et al. 2014 , 49 with consequences for ecosystem function and ecosystem service provision at smaller scales 50 understanding of the ecological drivers of NR, it is difficult to predict the circumstances under 91 which NR will occur and how it will be altered by environmental change. 92
In this study, we first assessed the intensity of NR by stingless bees of the shrub 93
Odontonema cuspidatum (Nees) Kuntze (Acanthaceae) between a semi-natural habitat (forest 94 fragments) and an anthropogenic one (coffee farm). We then evaluated the role of potential 95 drivers of NR ( Figure 1 ) in generating observed habitat-based spatial heterogeneity in the extent 96 of NR experienced by O. cuspidatum. We also evaluated whether NR influenced either the 97 likelihood of individual flowers setting fruit or plant-level reproductive output across both 98 habitats. Our aim was to understand the extent to which variation in the intensity and outcome of 99 NR across habitats is driven by 1) changes in population density of robber or plant (Figure 1 arabica plantations, with three small (<30 ha) forest fragments embedded within the farm. Forest 114 fragments are characterized by a higher density and diversity of canopy trees in comparison to 115 the coffee fields. As a result of the higher density of canopy trees in forest fragments, the amount 116 of light reaching the ground is generally lower in the forest than the coffee farm (see Results). 117
This difference in canopy cover likely represents the key environmental difference between these 118 habitats, though soil fertility may also differ, given the high abundance of nitrogen-fixing Inga 119 trees in the coffee farm and the additional nutrients from compost application to coffee plants. 120
Within this landscape, O. cuspidatum, a perennial shrub native to the region, grows both 121 in areas under coffee cultivation and in forest fragments. In the study area, O. cuspidatum 122 blooms primarily from June to August, in the early part of the rainy season. Slender red flowers, 123 2-2.5cm long, are borne on indeterminate branching racemes; individual plants produce from 1 124 to approx. 30 racemes, and each raceme holds from approx. 10 to hundreds of flowers (G. Fitch 125 unpublished data). Odontonema cuspidatum is self-fertile but requires animal pollination for 126 fertilization, due to spatial separation of anthers and stigma (G. Fitch unpublished data). 127
Hummingbirds, particularly the blue-tailed hummingbird (Amazilia cyanura), are the most 128 frequent legitimate floral visitors (G. Fitch unpublished data); this, together with the flower's 129 morphology, suggests that hummingbirds are the primary pollinators of O. cuspidatum. The 130
Fertilized flowers produce explosively dehiscent capsules (Daniel 1995 (Hubbell and Johnson 1977) . 188
On all such trees within each transect, we scanned the trunk and major limbs from 0-20m above 189 the ground for evidence of nesting. Surveys were conducted between 0700-1100, when nest 190 activity was highest. Both species of PNR of O. cuspidatum in the study area have prominent 191 nests with high activity levels, so we are reasonably confident that we located all nests of these 192 species within our transects. 193
To determine PNR forager density, in addition to nest density, in 2017 and 2018 we 194 transect, all blooms were counted and identified to species or genus. Surveys occurred once for 226 each focal plant, near the peak bloom for each focal plant. 227
Effect of nectar robbery on reproduction 229
For monitored plants that had >20 flowers and had both robbed and unrobbed flowers 230 (N=44), we evaluated the difference in probability of producing fruit and in seed set between 231 robbed and unrobbed flowers. Flowers were marked with either red (robbed) or blue (unrobbed) 232 nail polish on the pedicel. Robbed flowers were marked either on the day before they were to 233 open or soon after opening, while unrobbed flowers were marked only as they were beginning to 234 senesce, to ensure that robbing occurred before pollination and that flowers marked as unrobbed 235
were not subsequently robbed. The number of marked flowers of each type (robbed and 
Data analysis 249
All analyses were conducted in R v.3.5.1 (R Core Team 2018). All models were checked 250 for conformity to assumptions. 251 252
Influence of habitat on nectar robbing intensity 253
We evaluated the influence of habitat on NRI using GLMMs with habitat and year as 254 fixed effects and plant and date as random effects. We separately considered three components 255 of NRI: number of open flowers robbed, number of unopened flowers robbed, and total number 256 of flowers robbed. In all cases, we included log(total number of flowers of that class) as an 257 offset, and used a Poisson error distribution with log-link function. To check for spatial 258 autocorrelation (SA) in NRI, we fit a parallel set of GLMs, and calculated Moran's I for the 259 residuals of each of these models using package `ape` (Paradis and Schliep 2018). We found no 260 evidence for SA in these data (p > 0.1 in all cases). 261 262
Influence of habitat on putative drivers of nectar robbing intensity 263
We tested for a significant effect of habitat on the following putative drivers of NRI focal log-link function. We calculated Moran's I for the residuals of all models to check for SA. We 272 detected significant SA for three putative drivers: focal plant flower number, canopy cover, and 273 neighborhood PNR density. For these drivers, we then used the `spdep` package to calculate Moran eigenvectors to account for SA (Bivand and Wong 2018) . These eigenvectors were 275 included as additional predictors in an updated model. Where significant SA was found, the 276 estimates we provide for the effect of habitat on the relevant driver come from the model 277
including Moran eigenvectors. 278
We also tested whether canopy cover (and therefore light availability) could account for 279 differences in floral traits (flower number and flower nectar volume) between habitats. For 280 flower number, we used a GLM with negative-binomial distribution, and for nectar volume we 281 used a linear mixed-effects model with plant as a random effect. 282 283
Influence of putative drivers on nectar robbing intensity 284
The number of plant-year combinations for which we had observations of a particular 285 putative driver varied substantially across drivers. Therefore, we initially assessed the 286 relationship between NRI and each putative driver (that is, all the variables listed in Table 1 ) 287 separately, then included those drivers that had an effect on NRI at p ≤ 0.2 in a combined model 288 (see below). All models used the number of robbed flowers as the response variable, and 289 included log(total number of flowers surveyed) as an offset; error distributions were either 290 Poisson or negative binomial, depending on whether the data were overdispersed, and used a log-291 link function. 292
We initially evaluated the effects of several floral neighborhood metrics: floral richness, 293 total flower density, and O. cuspidatum flower density. These metrics were strongly correlated 294 and total flower density was the best predictor of NRI, so for all subsequent analyses we used 295 total floral density to assess effects of floral neighborhood. The relationship between flower 296 visitation and both flower number and floral neighborhood is often nonlinear and unimodal (Rathcke 1983 , Ghazoul 2006 . Beyond unimodality, we did not have a priori expectations for 298 the relationship between these drivers and NR. Therefore, to assess their effect on NRI, we used 299 general additive models (GAMs). To test for nonlinearity, we compared model versions with 300 linear and smoothed relationships using AICc. In both cases, the nonlinear model indicated a 301 unimodal relationship and improved fit over the linear model (for flower number, ∆AICc = 19; 302 for floral neighborhood ∆AICc = 25). For all other drivers we assumed a linear response of NR; 303
we used a GLM to evaluate the effect of canopy cover and floral neighborhood and GLMMs to 304 evaluate the effect of all other drivers (since for these drivers we had multiple observations per 305 plant). 306
These single-predictor models indicated that at the p≤0.2 level, the putative drivers that 307 affected NRI were focal plant flower number, neighborhood floral density, and per-flower robber 308 density at focal plants. To test whether these putative drivers had independent effects, we used a 309 GAM with all three predictors; smooth terms were applied to flower number and floral 310 neighborhood, while robber density was constrained to a linear function. 311
Based on GAM results for the relationship between NRI and neighborhood floral density, 312
we classified neighborhood floral densities as low (less than the lower bound of the 95% 313 confidence interval for the predicted maximum of the function relating NRI to floral density), 314 moderate (within the 95% confidence interval), or high (higher than the upper bound of the 95% 315 confidence interval). 316 317
Effects of nectar robbery and habitat on Odontonema cuspidatum reproduction 318
To determine the effect of NR on O. cuspidatum reproduction, we compared differences 319 in fruit set between robbed and unrobbed flowers using a binomial GLMM with plant as a random effect. We additionally tested for an effect of habitat on fruit set, and of differences in 321 the effect of NR on fruit set between habitats, by including habitat and a robbed status × habitat 322 interaction term as fixed effects. To control for differences across plants in their ability to 323 produce fruit, independent of the effects of NR, we only included plants for which we had data 324 
Spatiotemporal patterns in nectar robbing intensity (NRI) 339
Plants growing in forest fragments were robbed significantly less than those growing in 340 coffee, consistent across years (proportion of flowers robbed in forest: 0.35 ± 0.01; in coffee: 341 0.35 ± 0.01; z = -2.26, p = 0.02). This was due primarily to flowers being robbed earlier in their was significantly higher in coffee (forest: 0.15 ± 0.01; coffee: 0.27 ± 0.02; z = -2.8, p = 0.005), 344
while NR of open flowers trended higher in coffee but did not differ significantly between 345 habitats (forest: 0.58 ± 0.02; coffee: 0.68 ± 0.02; z = -1.13, p = 0.26). Across both habitats, NRI 346 was significantly higher in 2018 than 2017 (2017: 0.32 ± 0.02; 2018: 0.46 ± 0.01; z = 8.70, p < 347 0.001) and, in both years, increased over the survey period (ß = 0.19±0.02, z = 10.49, p < 0.001). 348 349
Relationships between putative drivers and habitat 350

Partner densities 351
Density of O. cuspidatum did not differ between habitats ( 
Partner traits 361
Both O. cuspidatum flower number and flower nectar volume were significantly lower in 362 forest (Table 1) . Nectar sweetness was slightly lower for plants growing in coffee, but this 363 difference was not significant (Table 1) . These changes in floral traits stem largely from reduced 364 light availability in forest fragments: canopy cover was significantly higher in the forest (Table 1) , and, across habitats, had a negative effect on both total flower number (ß = -0.31±0.08, z = -366 3.72, p < 0.001) and nectar volume (ß = -0.19±0.08, t = -2.82, p = 0.03). Figure 2A ]. For neighborhood floral density, the predicted 382 maximum was 1.8 blooms/m2 (95% CI: 1.1-1.9 blooms/m2; Figure 2B ). Significantly, the 383 neighborhoods of most forest-growing O. cuspidatum had low floral densities (i.e. below the 384 lower bound of the 95% CI for the predicted maximum: 38 plants below, 11 within, 3 above, 385 with a further 7 of the 11 plants within the 95% CI falling outside the 90% CI). The floral 386 neighborhoods of coffee-growing plants varied more in density (10 plants below the CI; 16 within; 23 above; Figure 2B) , with a substantially higher percentage of coffee-growing plants 388 found in floral neighborhoods within the 95% CI for peak NRI (33% versus 22%). 389
Beyond O. cuspidatum flower number and neighborhood floral density, the only other 390 putative driver to significantly affect NRI was per-flower PNR density on target plants, which 391 was higher for coffee-growing plants (Table 1) . When these three significant drivers were 392
combined into a single model, each retained their significance level and showed a qualitatively 393 similar effect on NRI as when they were considered independently (Table 2) . Moreover, when 394 habitat was added as a linear predictor to this model, it did not have a significant effect on NRI 395
and did not improve model fit (Table 2) . 396 397
Effects of nectar robbery and habitat on Odontonema cuspidatum reproduction 398
Nectar robbery significantly reduced the probability of a flower setting fruit, from 399 0.32±0.04 (mean±SE) for unrobbed flowers to 0.18±0.03 for robbed flowers, representing a 43% 400 decrease in fruit set (z = 3.41, p < 0.001). The effect of NR on probability of setting fruit was 401 equivalent between habitats (robbed status  habitat interaction: ß = 0.16±0.60, z = 0.27, p = 402 0.8), as was the overall probability of setting fruit (coffee: 0.23±0.03; forest: 0.23±0.04; z = -403 0.10, p = 0.9). 404
Consistent with the negative effect of NR on the probability of individual flowers setting 405 fruit, we found a significant negative relationship between NRI and fruit set at the plant level 406 (Table 3) . This effect was consistent across habitats, and fruit set did not differ between habitats 407 (Table 3) . By contrast, neither seed set nor seeds per plant were influenced by NRI. Seed set was 408 higher in forest-growing plants, though due to the smaller number of flowers produced by forest-409 growing plants, seeds per plant did not differ between habitats (Table 3) .
Discussion 412
Changes in the frequency or outcome of biotic interactions across ecosystems can be 413 explained by 1) differences in the density of the interacting species and/or 2) differences in the 414 traits of the interacting species, either stemming directly from abiotic conditions or mediated by 415 changes in the broader community. In this study, we document a temporally consistent pattern of 416 habitat-based heterogeneity in nectar robbing intensity (NRI) of the plant O. cuspidatum. Our 417 results show that higher levels of NR in coffee-growing O. cuspidatum are primarily the result of 418 partner trait differences, with a lesser contribution of density differences. From the plant's 419 perspective, these trait differences are driven directly by differing environmental conditions 420 between habitats, while on the robber's side, trait differences are primarily the result of altered 421 biotic community context. Specifically, we found that, together, 1) a nonlinear response of PNRs 422 to the availability of alternative floral resources, 2) greater flower production for O. cuspidatum 423 growing in coffee, and 3) higher density of foraging PNRs and/or greater preference for O. 424 cuspidatum by PNRs in the coffee farm than in adjacent forest fragments can fully explain 425 differences in NRI between habitats. 426
Of these three factors, field survey data indicate that floral neighborhood composition has 427 the greatest influence on NRI. Response to floral neighborhood was unimodal, with NRI initially 428 increasing with increasing floral densitypresumably because areas of very low floral density 429 are avoided by beesthen peaking at ~0.9 blooms/m2. Further increases in floral density likely 430 draw potential PNRs away from focal plants, thereby reducing NRI. Most (65%) of the plants 431 whose neighborhood floral density fell within the 95% CI for predicted maximal NRI grew in coffee. Thus, disparities in floral density between habitats contribute to the on-average higher 433 NRI experienced by coffee-growing plants, via effects on PNR foraging behavior. 434
Similarly, differences between habitats in the number of flowers produced by O. 435 cuspidatum, likely due to differences in light availability, contributed to higher NRI for plants 436 growing in coffee. The relationship between NRI and O. cuspidatum flower number was 437 unimodal with an intermediate peak. In both habitats, flower number for nearly all plants was 438 equal to or smaller than that at which the model predicted peak NRI. Thus, since flower number 439 was on average larger for coffee-growing plants, the preference by PNRs for plants with more 440 flowers contributed to higher NRI in coffee-growing plants. 441
Per-flower density of PNRs caught on focal O. cuspidatum was, not surprisingly, the final 442 significant predictor of NRI. As expected, given higher levels of NRI for plants in coffee, per-443 flower PNR density was higher on plants growing in coffee than those in forest fragments. This 444 higher density on focal plants appears to be due to both increased PNR density in coffee versus 445 forest and differences in PNR foraging behavior between habitats. 446
The total number of PNRs caught during surveys of both target plants and their floral 447 neighborhood was higher in coffee, providing evidence that higher per-flower PNR density on 448 target plants in coffee is the result of higher overall PNR densities there. Since PNR nest density 449 was equivalent between the two habitats, higher density of PNR foragers in coffee is likely the 450 result of preferential foraging in coffee fields over forest fragments (the small size of forest 451 fragments in the study area mean that bees leaving a nest in the forest can readily move into 452 coffee fields to forage). Alternatively, it may be that nests found in coffee tend to be larger, with 453 more foragers, than those found in forest fragments; we did not attempt to assess the size of the 454 this habitat or discrepancy in nest size between the two habitats, this finding highlights the 456 importance of shade coffee as a habitat for stingless bees, a result consistent with other studies 457 (Jha and Dick 2010, Fisher et al. 2017) . 458
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